Fibroblast growth factors (FGFs) have been implicated in a variety of physiologic and pathologic processes from embryonic development to tumor growth and angiogenesis. FGFs are immobilized in the extracellular matrix of different tissues and require release from this storage site to trigger a response. Secreted FGF-binding proteins (FGF-BPs) can release immobilized FGFs, enhance the activity of locally stored FGFs and can thus serve as an angiogenic switch molecule in cancer. Here, we report on the effect of human FGF-BP transgene expression in chicken embryos. To establish the transgenic model, plasmid-based reporter vectors expressing luciferase, b-galactosidase or green fluorescent protein were introduced through different routes into 4-to 5-day-old embryos grown outside their egg shell on top of the yolk sac. This allows for easy manipulation and continuous observation of phenotypic effects. Expression of human FGF-BP induced dose-dependent vascular permeability, hemorrhage and embryonic lethality. Light and electron microscopic studies indicate that this hemorrhage results from compromised microvascular structure. An FGF-1 expression vector with an added secretory signal mimicked this vascular leakiness phenotype whereas wild-type FGF-1 required coexpression of a threshold amount of FGF-BP. This model is a powerful tool for real-time monitoring of the effects of transient transgene expression during embryogenesis.
Fibroblast growth factors (FGFs) represent a large family of polypeptides that have been implicated in a variety of physiologic and pathologic processes including embryonic development, central nervous system growth, maintainance and repair as well as physiologic and tumor-associated angiogenesis and mitogenesis.
1,2 FGF-1 and -2 and other less-abundant members of this growth factor family are typically stored in the extracellular matrix (ECM) bound to heparan sulfate proteoglycans (HSPG) and need to be released from this storage to trigger a biologic response. 3, 4 In addition, heparan sulfates on the surface of target cells are required by FGFs to trigger receptor oligomerization [5] [6] [7] [8] [9] (reviewed in Pellegrini 10 ). Two distinct mechanisms have been described by which locally stored FGFs can be delivered to their receptor: one mechanism involves digestion of the sugar backbone of HSPGs by heparinases or other glycosaminoglycan-degrading enzymes. 11, 12 Another mechanism is the binding of immobilized FGFs to secreted FGF-binding proteins (FGF-BPs) that serve as extracellular chaperones for FGFs. Wu et al 13 originally isolated a human FGF-BP from the supernatants of A431 epidermoid carcinoma cells and it was found that mammalian FGF-BP can bind to FGF-1 and FGF-2 in a reversible manner, protect FGFs from degradation and present FGF-1 and -2 to high-affinity cell-surface receptors in an active form. [13] [14] [15] [16] [17] [18] Interestingly, heparin, heparansulfate and other heparinoids compete with FGF-BP binding to FGF-2 17, 19 and more recently it was shown that FGF-BP interacts with perlecan, a heparansulfate proteoglycan present in the basement membrane. 20 This demonstrates a direct interaction of the FGF-BP chaperone with cell matrix storage molecules for FGFs.
High levels of FGF-BP expression were observed in developing mouse embryo skin, gut and thymus during the second half of gestation. 16, 21 and expression was found downregulated after the neonatal period. Consistent with a role in cancer, FGF-BP expression was found to be induced early during malignant transformation of mouse and human skin 16, 22 and colon epithelia, 23 as well as upregulated in squamous cell carcinomas and colon cancers relative to normal tissues. 14, 15, 20, 23 Transient upregulation of FGF-BP was found during wound healing of mouse and human skin. 22 On the other hand, retinoids were found to rapidly reduce expression of FGF-BP by transcriptional repression and reduction of mRNA stability in cultured tumor cells 24, 25 and in normal tissues and xenograft tumors in intact animals. 26, 27 Recombinant human FGF-BP enhances FGF-dependent angiogenesis, 17 expression of FGF-BP in nontumorigenic cells can induce the formation of angiogenic tumors 14 and depletion of FGF-BP from human colon cancer or squamous cell carcinoma cells by ribozyme-targeting showed a rate-limiting role for tumor growth and angiogenesis. 15 Based on these studies in cancer, we proposed that upregulation of FGF-BP is one of the 'angiogenic switch' mechanisms required as essential steps in malignant progression. 15, 28 Here we sought to develop an animal model that allows transgene expression and continuous monitoring of potential phenotypic alterations. For this, chicken embryos were grown outside their shells in Petri dishes and we describe here a highly efficient plasmid-based gene transfer by injection of liposome-encapsulated expression vectors into the allantoic sac. Using this model, we report on a vascular leakage phenotype due to FGF-BP expression and subsequent embryonic lethality. We demonstrate that this phenotype is also induced by the expression of FGF-1 with an added signal peptide and that wild-type FGF-1 requires the coexpression of a threshold amount of FGF-BP to induce the phenotype.
Materials and methods

In Vitro Cultivation of Embryos
Three-day-old fertilized chicken (Gallus gallus) eggs (CBT Farms; Chestertown, MD, USA) were opened and intact embryos with yolk were placed in 10 Â 2 cm polystyrene culture dishes (Corning; Corning, New York, USA). Embryos were maintained in a humidified water-jacketed incubator at 391C prior to and following transfection.
Expression Vectors
The human FGF-BP (hFGF-BP), green fluorescent protein (GFP), luciferase and b-galactosidase expression vectors were constructed employing the pRc/ CMV vector (Invitrogen, San Diego, CA, USA). The hFGF-BP plasmid contained the hFGF-BP open reading frame with a C-terminal myc-epitope tag described previously. 14, 17 Expression vectors for a secreted FGF-1 and wild-type FGF-1 were kindly provided by Dr Stephen Zhan (American Red Cross, Rockville, MD, USA) and have been described elsewhere. 29 Various concentrations of plasmid constructs were incubated with 25 ml Lipofectaminet reagent (Life Technologies) at room temperature for 45 min. A measure of 25 ml of the liposomal mixture were injected into the allantoic sac of the embryos using a Hamilton syringe (Hamilton; Reno, NV, USA) under Â 3 magnification with an Olympus SZH10 steromicroscope (see Figure 1a and b).
To quantitate gene transfer, CMV luciferase was used as a vector and embryos were harvested and homogenized in 150 ml Passive Lysis Buffer (Promega) at various time points following transfection. The Luciferase Reporter assay system (Promega) was used to detect firefly luciferase activity in 100 ml homogenate utilizing a Monolight 2010 luminometer. Expressed FGF-BP was detected in paraffin-embedded sections from differently treated embryos. As a primary antibody, a commercially available anti-myc monoclonal antibody (Sigma) at 1:2000 was used to detect the myc tag in the exogenously expressed FGF-BP. The detection system of the antibody was as described for endogenous human FGF-BP. 
Determination of Blood Vessel Integrity
Embryonic blood vessel integrity was assessed by injection of 30 ml Evan's Blue dye (Sigma, St Louis, MO, USA) (30 mg/kg in normal saline) into a chorioallantoic vein. Dye was allowed to circulate for 5 min.
Microscopy
A Zeiss 410 confocal microscope at a resolution of 0.1323 pixels per micron using a 63 Â 11.4 Zeiss immersion lens was used to visualize GFP expression in whole embryo specimens. Samples for light microscopic study were fixed in 10% formaldehyde/ PBS and then dehydrated using increasing concentrations of ethanol. After paraffin embedding, 10 mm sections were obtained, xylene treated, rehydrated and then stained with hematoxylin and eosin (H&E). Slides with tissue samples embedded in paraffin were incubated overnight at 551C, microwaved at high power for 10 min, cooled for 5 min at room temperature and treated with xylene for 10 min. After two washes in 100% ethanol for 5 min, each of the slides was rehydrated and washed in H 2 O and phosphate-buffered saline (PBS) for 1 min each. Slides were then treated in PBS/1% (vol/vol) citric acid at 801C for 10 min. The slides were then cooled to room temperature and washed twice in PBS. The tissue was blocked with 5% goat normal serum in PBS/2% bovine serum albumin for 30 min. For immunohistochemistry, a polyclonal antibody to bgalactosidase was used. The antibody was applied overnight at 41C and thereafter slides were washed three times in PBS/Tween. A biotinylated goat antirabbit secondary antibody (1:500) was then applied for 30 min at room temperature, followed by three washes in PBS/Tween. For detection and visualization, the ABC system was used according to the manufacturer's protocol with 0.1 mg/ml diaminobenzideine as substrate. Slides were counterstained with hematoxylin for 1 min, dehydrated in ethanol and xylene, and coverslipped using a nonaqueous mounting medium.
Tissue sections for electron microscopic examination were glutaraldehyde fixed in phospho-buffered saline for 3 h. Osmium tetroxide (1%) fixation was then carried out for 1 h after which ultrathin sections were prepared. Uranyl acetate and lead citrate staining was performed and electron microscopic images generated employing a JEOL 1200 ex-transmission electron microscope.
Statistical Evaluation
The Prism 4 (Graphpad Inc.) program was used for data presentation, statistical analysis including the Kaplan-Meier survival analysis. P-values of o0.05 were considered statistically significant.
Results
Gene Transfer in the Developing Chicken Embryo
Different gene transfer methods were tested in embryos grown in Petri dishes outside their shell ( Figure 1) . A CMV-driven luciferase expression vector was microinjected along the dorsum of the embryo and allowed to spread over the entire embryo ('DNA immersion'; Figure 1c ) or into the allantoic sac (see tip of the needle in Figure 1b) . After 24 h, the embryos were harvested and luciferase activity was measured in the whole embryos. Significant gene transfer and expression was achieved with DNA immersion and with allantoic injection. Allantoic sac injection, however, resulted in the highest levels of luciferase expression (Figure 1c) .
Effective liposomal-mediated gene transfer depends on an optimal DNA to liposome ratio. To optimize the amount of gene transfer and expression, we assessed the effectiveness of different combinations. We observed that maximal gene transfer and expression was achieved using 4 mg plasmid DNA together with 25 ml of lipofectamine (circles in Figure 1c ). Increasing the amount of DNA beyond 4 mg did not augment gene expression (data not shown).
Time Course of Gene Expression
Experimentally useful transgenesis requires that the transgene expression persists over a sufficient period of time. Embryos harvested at different times after gene transfer showed a maximal gene expression level around 24 h after dosing and we observed an exponential decline in expression levels with a half-life of 10 h using the CMV luciferase vector (Figure 1d) . At 72 h postinjection, expression levels were still 100-fold above background suggesting that significant transgene expression can be achieved for several days.
Spatial Pattern of Transgene Expression
To assess the spatial pattern of transgene expression in the chick embryos, we used GFP as well as bgalactosidase as indicator molecules. Initially, 4 mg of a CMV-driven GFP expression vector in 25 ml of lipofectamine was microinjected into the allantois and 24 h later embryos were harvested and observed by confocal microscopy. GFP expression was evident both in the allantoic sac and diffusely throughout the entire embryo (Figure 2h ). Histologic analysis was carried out using a parallel experimental series with a CMV-driven b-galactosidase expression vector. Low-power analysis revealed a striking b-galactosidase expression in the dorsal and ventral surface layers of the embryo as well as in the rostral region (Figure 2b ). This expression was absent in the control sections (Figure 2a ). False color-based densitometry analysis of these sections revealed the regions of b-galactosidase expression more clearly (Figure 2c, d ). Higher-power examination shows expression of b-galactosidase in vascular (Figure 2e ), primitive kidney ( Figure 2f ) and neuroectodermal (Figure 2g ) tissues. From this we conclude that the allantoic sac injection of a expression plasmid leads to a highly efficient gene transfer to a broad range of tissues in the embryo.
Lethal Effect of FGF-BP In Vivo Due to Vascular Leakage
We then used this chicken embryo transgenic model to monitor the impact of FGF-BP transgene expression. A CMV-driven expression vector was used to express the human FGF-BP. Luciferase inserted into the same vector or an empty expression vector without insert was used as a negative control. The human FGF-BP protein was expressed at high levels within 24 h after injection of the expression vector. Staining for the exogenously expressed FGF-BP protein using a monoclonal antibody that recognizes the C-terminal epitope tag in the FGF-BP transgene shows strong staining in different organs. Two examples of the brown appearing staining for FGF-BP in tissues harvested 24 h after plasmid injection are depicted in Figure 3a , that is, the kidney and the retinal epithelia (Figure 3a, inset) . Quite strikingly, the FGF-BP transgenic embryos exhibited a lower survival rate compared to the controls. Both microscopic (arrows in Figure 3b ) and macroscopic (Figure 3c ) hemorrhage into the extravascular space was observed in the embryos expressing FGF-BP. Also, the FGF-BP transgenic embryos exhibited mottled, and erythematous skin (Figure 3c ). The induction of vascular leakage and subsequent embryo death due to FGF-BP expression was dosedependent (Figure 3d ). At the lowest dose of FGF-BP expression vector used (0.5 mg), embryo survival was not affected significantly relative to the control vector (used at 4 mg) but a significant effect was observed with 1 mg as well as a further increase at 4 mg of FGF-BP (Figure 3d) .
To test the impact of FGF-BP expression on vascular integrity more directly, 4-day-old chicken embryos received FGF-BP or control plasmid, followed 48 h later by intravascular administration of Evans blue dye. The embryos were then evaluated for evidence of extravasation of the dye from the blood vessels. Macroscopically it was evident that the FGF-BP transgenic embryos exhibited increased extravasation of the dye as compared with the controls. (Figure 4a ). Light microscopic ultrathin sections highlighted structural differences in blood vessels comparing the FGF-BP transgenic and control tissues. In the FGF-BP transgenic animals, the endothelial cells appeared stretched and two-to 
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K McDonnell et al three-fold fewer endothelial cells covered vessel segments in the FGF-BP group relative to the control (see Figure 4b vs c). Also, erythrocytes were found in the tissues outside the vessel lumen in the FGF-BP transgenics consistent with an initiation of vascular leakage at the capillary level already at this time point (arrows in Figure 4b ; see also Figure  3b for 72 h). These features are in contrast to normal appearing endothelial cells and intact vasculature in the control tissue (Figure 4c ). Electron microscopic analysis supported these findings and vessels from the FGF-BP transgenic showed ruffling and thinning of the cell membrane when compared to blood vessels from the controls (Figure 4d, e) . Taken together, these microscopic data are consistent with an FGF-BP-induced disruption of blood vessel structure and integrity. Based on these findings, we speculated that expression of a secreted member of the FGF family might mimic the effects observed with FGF-BP. Since FGF-BP is a secreted protein that is known to mobilize cell-bound FGFs, we hypothesized that secretion of an FGF might be required to induce the vascular leakiness phenotype observed here and 
opted for a direct comparison of a secreted vs nonsecreted (wild type) FGF-1. We obtained expression vectors for wild-type FGF-1 as well as an FGF-1 with a secretory signal peptide fused to the Nterminus. These expression vectors for nonsecreted and secreted FGF-1 have been studied previously by different laboratories and shown to induce distinct phenotypes. 29, 30 Much to our surprise, expression of wild-type FGF-1, which remains cell bound and is not secreted, had no discernible effect on the embryos and showed no impact on their survival (Figure 5b) . However, expression of FGF-1 containing a signal peptide induced vascular leakage and embryonic lethality indistinguishable from the phenotype observed after expression of FGF-BP (Figure 5a, b) . As a final experiment, we then combined wild-type, nonsecreted FGF-1 with FGF-BP to test whether they would cooperate in inducing the same phenotype. Indeed, the combination of FGF-1 and a low dose of FGF-BP, neither of which had a significant effect on their own, induced the same phenotype as the expression of secreted FGF-1. This supports the notion that FGF-BP can enhance the activity of FGF-1.
Discussion
Evaluation of gene function in an intact organism will generate significant new insight that cannot be gleaned from studies in cell culture. In parallel with the transient expression of genes in cultured cells, it is appealing to be able to apply the same vectors in a transient setting in vivo and avian embryos are a very appealing in vivo model system for this type of approach. A number of recent studies have reported liposomal-mediated gene transfer in the chick embryo kept in its shell involving 'in ovo' microinjection of early-stage embryos resulting in temporally and spatially significant transgenic expression. [31] [32] [33] In the present study, we describe a novel approach that uses embryos growing on top of their yolk sacs in Petri dishes ('ex ovo') for continuous, real-time observation of phenotypic alterations and we demonstrate the efficiency of expression of different reporter genes after microinjection of lipidsome-encapsulated plasmid expression vectors. Injection into the allantoic sac proved an efficient route of transgene administration consistent with the known absorption of materials from the allantoic fluid. [34] [35] [36] Different reporter genes showed that expression was widespread in somites, primitive epithelia, blood vessels and neuroectodermal tissues. Furthermore, gene expression persisted for at least 96 h following microinjection of the plasmid vectors. This model, thus allows for relatively easy, economical generation of a high number of transient transgenic animals, and permits direct and repeated observation of embryos during early stages of development and the impact of transgene expression. Previous work in our laboratory suggests that FGFBPs augment the effects of FGFs by solubilizing them from an extacellular sequestered state. 15 In ongoing studies, we found that expression of FGF-BP as a transgene in mice results in early embryonic lethality in the first half of gestation due to hemorrhage into the gestational sac (unpublished data). K14, MMTV or CMV-dependent transgene expression resulted in the same phenotype that was only distinguished by a slightly different onset between days E6 and E10 (unpublished data). The chicken embryo model reported here corroborates this effect and allowed for a more detailed analysis. Expression of FGF-BP in the chicken embryo produces dose-dependent effects that are evident as early as 24 h after gene transfer. Gross examination of the transgenic embryos revealed a mottling of the skin characterized by erythema and dilated, prominent vasculature consistent with hemorrhage. Intravascular injection of Evans blue dye with concomitant tissue extravasation among the FGF-BP transgenic embryos confirmed this hemorrhagic phenotype. Light and electron microscopic photomicrographic examination of the transgenic embryonic tissue demonstrated FGF-BP-associated attenuation of endothelial cytoplasm together with a ruffled appearance of the cell membrane. Consistent with the vascular leakage, erythrocytes can also be detected extravascularly. Taken together, these data suggest a profound effect of FGF-BP on embryonic vascular development characterized by compromised vascular formation and/or maintenance.
It is likely that enhanced FGF activity due to FGF-BP expression also increases the expression of Ang-1, VPF/VEGF and/or their receptors as reported earlier by different laboratories. [37] [38] [39] This imbalance of vascular growth and differentiation signals was reported to lead to disruption of vascular integrity and to produce a phenotype reminiscent of that observed in the current study. 40, 41 Our experiments comparing the effects of wild-type FGF-1 (without and with additional FGF-BP) and a form of FGF-1 engineered to be secreted supports the proposed mechanism of action of FGF-BP, that is, to enhance the activity of locally stored FGFs. Expression of wild-type FGF-1 alone did not impact on embryo viability, whereas inclusion of a secretory signal peptide with FGF-1 generated the same vascular leakage phenotype observed with FGF-BP. Interestingly, a combination of wild-type FGF-1 and a low dose of FGF-BP that had no effect on their own induced vascular leakage similar to the secreted FGF-1 and to FGF-BP at higher doses. This supports the notion of a positive interaction between the two molecules known from earlier work in other systems (see Introduction). It is tempting to speculate that differences observed with the secreted vs the nonsecreted FGF-1 in some systems 42 but not in others 30 could be due to different levels of expression of an FGF chaperone molecule such as FGF-BP in either of these systems.
Finally, the induction of vascular permeability by very different mechanisms was shown to be a crucial step towards tumor angiogenesis. [43] [44] [45] It is tempting to speculate that the effects of FGF-BP observed in the chicken embryo model reported here may be part of the function of FGF-BP as an angiogenic switch molecule in human cancers 15, 28 
